ABSTRACT: Joining of thermoplastic composites is an important step in the manufacturing of aerospace thermoplastic composite structures. Therefore, several joining methods for thermoplastic composite components have been under investigation and development. In general, joining of thermoplastic composites can be categorized into mechanical fastening, adhesive bonding, solvent bonding, co-consolidation, and fusion bonding or welding. Fusion bonding or welding has great potential for the joining, assembly, and repair of thermoplastic composite components and also offers many advantages over other joining techniques. The process of fusion-bonding involves heating and melting the polymer on the bond surfaces of the components and then pressing these surfaces together for polymer solidification and consolidation. The focus of this paper is to review the different fusion-bonding methods for thermoplastic composite components and present recent developments in this area. The various welding techniques and the corresponding manufacturing methodologies, the required equipment, the effects of processing parameters on weld performance and quality, the advantages/disadvantages of each technique, and the applications are described.
INTRODUCTION
T structures, and are replacing conventional metallic counterparts [1] . This is mainly due to superior strength-and stiffness-to-weight ratios of composite materials in comparison to metals. The higher specific properties of composite materials as compared to metals can reduce weight, increase payload capacity, increase operational range, and enhance mechanical performance of structures.
Advanced thermoplastic composites offer several processing and mechanical performance advantages over thermoset composites. Thermoplastic composites have high damage tolerance, excellent corrosion and solvent resistance, high fracture toughness, high impact resistance, good fatigue resistance, low storage cost, and infinite shelf life [2, 3] . Thermoplastic composite materials are reprocessable, repairable, and reformable, which together provide ease of fabrication and cost-effectiveness. Thermoplastic composites can be deformed to complex shapes and then can be cooled to solidify in shorter times than required by thermoset composites, which have relatively lengthy manufacturing times due to slow cure kinetics of the thermoset resin [2, 4] . However, to manufacture thermoplastic composite parts, higher temperature and forming pressure are required. High temperature and pressure can limit the integration of the thermoplastic composite parts and increase manufacturing cost. However, a high level of integration can be achieved through the development of rapid, reliable, and cost-effective thermoplastic composite joining and assembly techniques. For example, when composite aircraft structures are integrated and assembled using mechanical fasteners, the integration and assembly costs are reported to be 19-42% of the final aircraft cost [5] . Fusion bonding of thermoplastic composites can reduce overall manufacturing cost and is expected to replace traditional joining and assembly methods, such as adhesive bonding, solvent bonding, mechanical fastening, and co-consolidation bonding.
Today, joining of thermoplastic composite structures is becoming more important since thermoplastic composite materials are increasingly being used to replace metallic or thermoset composite counterparts to better withstand static and fatigue loads in aerospace, automotive, and marine industries [2, 4] . Many joining techniques have been developed to weld un-reinforced and reinforced thermoplastic polymers (see Figure 1 ) [6, 7] . However, each technique has limited applications. Using traditional joining methods to join thermoplastic composites is difficult, labor intensive, and costly. Defense and Space Group of the Boeing Company performed a cost comparison study and reported that labor savings greater than 61% could be obtained by fusion bonding (welding) a composite wing structure as compared to a bolted one [5] . Adhesive bonding of thermoplastic parts is problematic due to the difficulty of bonding adhesive materials to thermoplastic polymers. Mechanical fastening methods have problems arising from stress concentrations, galvanic corrosion, mismatch of coefficient of thermal expansion, and damage of reinforcing fibers induced by drilling. Thermoplastic composite welding or fusion bonding can largely eliminate these problems [7] .
The purpose of this literature review is to describe the fundamental steps necessary to establish a fusion bond between thermoplastic composite parts and present various advanced thermoplastic composite welding techniques. Since none of the available joining techniques can be applied to all components and materials, for each of the particular applications an appropriate method (or methods) has to be selected. Therefore, the emphasis of this paper is mainly on those methods that complement each other in order to cover a wide range of applications.
FUSION BONDING
Fusion bonding, in principle, consists of surface preparation (if necessary), heating the polymer at the interface to a viscous state, physically causing polymer chains to inter-diffuse, and cooling the polymer for joint consolidation [2, 4] . Usually the quality of the welded parts is compared to the quality of autoclave consolidated or compression-molded parts. Similar to the autoclave consolidated or compression-molded parts, the polymer chains are mixed across an interface during welding, resulting in the disappearance of the joint surfaces and development of the ability to transfer loads through the welded area [5] . Fusion-bonding techniques can be classified based on the type of heat generation mechanisms at the bondline, namely friction welding, thermal welding, and electromagnetic welding (see Figure 2 ).
An ideal welding technique should be applicable to various joint configurations over small and large bonding areas, adaptable to automation, capable of on-line inspection, and provide reproducible, strong, and reliable joints with minimum surface preparation and cost [8] . Since none of the joining techniques can be applied to all kinds of components and materials, a small number of complementary joining techniques can be defined to cover a broad range of applications. These techniques should be capable of being applied to high-performance thermoplastic composites having high fiber volume fraction (>50%) and high processing temperature (>350 C). The following sections explain three classes of fusion-bonding process and the corresponding techniques for welding thermoplastic composite components (see Figure 2 ). Emphasis is given to vibration welding, ultrasonic welding, infrared welding, induction welding, and resistance welding, since these methods nicely complement one another in terms of their strengths and weaknesses, and fields of application.
Friction Welding
The concept behind friction welding is a generation of heat at a joint interface from frictional work under the application of pressure, followed by cooling and consolidation of the polymer. Several methods are available to generate heat at the joint interface from frictional work. Friction welding methods can be classified according to the method of heating, into linear vibration welding, spin welding, ultrasonic welding, and friction stir welding.
LINEAR VIBRATION WELDING
Linear vibration welding has been increasingly used to weld various thermoplastic components [4, 9, 10] . Also, it has been employed to weld thermoplastic composite parts [11] [12] [13] . In linear vibration welding, the two parts to be joined are brought into contact under pressure. One part is fixed and the other is vibrated parallel to the interface at a suitable frequency, until enough heat is generated by mechanical friction and shear stresses at the interface to melt and mix the thermoplastic polymer [4, 9] . After the linear vibratory motion is stopped, the parts are aligned and the molten polymer consolidates under applied pressure, resulting in a weld [7, [14] [15] [16] . Figure 3 shows a schematic of the linear vibration welding technique.
A typical linear vibration welding process consists of four phases: (1) solid friction, (2) transient flow, (3) steady-state flow, and (4) solidification [4, 9, 11, [17] [18] [19] . Figure 4 depicts the linear vibration welding process with respect to the welding penetration, i.e., a distance by which the parts approach each other as a result of lateral flow and welding time [9] . t i (i ¼ 1 to 4) represents the time for the ith phase of the welding process (see Figure 4) . In Phase 1, Coulomb friction generates heat at the interface, raising the temperature of thermoplastic polymer to a temperature at which it undergoes viscous flow. During this phase, the welding Fusion Bonding/Welding of Thermoplastic Composites penetration remains zero. In Phase 2, the thermoplastic polymer at the interface begins to melt and the mechanism of heat generation changes from solid Coulomb friction to viscous dissipation. The molten thermoplastic polymer begins to flow in lateral directions, resulting in an increase in the welding penetration. In Phase 3, the melting and flow rates reach a steadystate condition, during which penetration is a linear function of time. This is the condition where a good weld quality can be obtained. At Phase 4, the linear vibratory motion is stopped. However, the welding penetration continues under the applied welding pressure perpendicular to the weld interface. The welding pressure causes molten film to flow until the thermoplastic polymer solidifies. Figure 5 shows a schematic of the different components of a typical vibration-welding machine [9] . The upper and lower weld specimens are held with the upper and lower grips, respectively. The lower specimen is placed on a platen that can slide up and down. The upper specimen is placed on a moving frame, which is suspended from two parallel links. The parallel links, which are attached to an inertia-block, act as a resonant spring and vibrate horizontally with a servo-hydraulic actuator. The power for the servo-hydraulic actuator is provided with a hydraulic power unit. The frequency, vibration amplitude, welding penetration, and welding time are controlled with a control system. The resonant spring has several functions: it controls the amount of energy transfer to the parts and positions the parts accurately at the end of the weld process before the thermoplastic polymer solidifies [9, 15, 16] .
Time Welding Penetration Figure 4 . Linear vibration welding process [4, 9, 11, 17] .
Vibration welding of thermoplastic composite parts is still under development. Several researchers have shown that vibration-welded joints have better mechanical performance than adhesive bonded or riveted joints [7, 13] . Several parameters affect the welding process, including material properties, weld type, vibration frequency and amplitude, welding pressure, and welding time.
A fiber-reinforced polymer with high rigidity or elastic modulus converts the frictional work into heat more rapidly than the un-reinforced one of the same polymer. Therefore, in the solid friction phase, rigid materials reach the melt temperature faster than the soft materials. The faster a material reaches the melting point, the shorter the welding time [20] .
Welding pressure and time are two parameters that influence the mechanical performance of the welded part. For example, for un-reinforced polyamide (PA) at a welding pressure of 3-4 MPa and welding time of 4 seconds a maximum butt weld strength of 80-90% of corresponding parent material (i.e., 55 MPa) was achieved [20] . The same butt weld strength was obtained at the constant welding pressure of 7 MPa but with a welding time of 2 seconds [20] . Note that although the optimum welding pressure of 3-4 MPa was not applied, the same weld strength was obtained by adjusting the welding time for the second scenario. This demonstrates the level of interactions between these two process parameters. By changing the material to a short glass-fiber reinforced PA composite, the weld strength dropped considerably in comparison with that of the corresponding parent material. A maximum weld strength of 44 MPa was achieved, which was 56% of the strength of the parent material (i.e., 79 MPa) and even less than the strength of un-reinforced PA (i.e., 55 MPa) [20] . The low weld Control System Figure 5 . Schematic of the linear vibration welding machine [9] .
Fusion Bonding/Welding of Thermoplastic Composites strength of the joint can be attributed to the re-orientation of short glassfibers to the perpendicular direction of the load path during the weld process (see Figure 6 ) [12, 20] . Re-orientation of the fibers to the perpendicular direction of the load path decreased the load transfer through the weld zone, resulting in the dramatic drop in strength. The frictional energy has a direct relationship with the welding frequency and amplitude. By adjusting amplitude and frequency appropriately, the desired steady-state condition will be attained more rapidly, thereby, resulting in a shorter welding time. It should be noted that the selection and variation of welding frequency and amplitude depend on the limitations of the vibration machine and geometry of the parts [20] .
Weld type and fiber orientation also influence the mechanical performance of the welded joints. Bates et al. [12] showed that for continuous woven glass fiber reinforced polypropylene specimens, the butt weld strengths of samples with the weft directions of both specimens (i.e., test specimens to be welded together) perpendicular to the weld (weft-weft sample), were higher than that of samples for which the warp directions of the specimens were perpendicular to the weld (warp-warp sample). This could be attributed to the larger polymer entanglement and cross-over of fibers at the weld interface of the weft-weft samples than the warp-warp samples.
Welding pressure and meltdown (i.e., thickness of the molten material) also have considerable influence on the weld strength of continuous fiber-reinforced composites. The weld strength increases with decreasing pressure and increasing meltdown distance [12] . However, there should be an upper bound and a lower bound of pressure (i.e., a processing window for pressure) within which the best result is obtained. Higher meltdown distance can increase the matrix entanglement and fiber cross-over at the weld interface and lower pressure can decrease distortion and re-orientation Weld Zone Figure 6 . Micrograph of the weld zone of a short glass-fiber reinforced PA [20] .
of the fibers to a direction perpendicular to the load path. For example, the maximum butt weld tensile strength of 87 MPa was obtained for continuous glass-fiber reinforced polypropylene samples. The butt weld tensile strength of continuous fiber-glass reinforced polypropylene parts is still considerably lower than the tensile strength of the un-welded part (i.e., 240 MPa), however, it is 3-4 times higher than tensile strength of the un-reinforced matrix and is comparable to the tensile strength of an un-welded short glass-fiber reinforced polypropylene sample [12] . The low butt weld strength is mainly due to fiber discontinuity at the weld region and lack of a strong load transfer media at the weld zone.
Weld type can influence the mechanical performance of the welded part as well. Bates et al. [12] studied the weld strengths of the welded T joints using the same material as used in the butt weld joints, i.e., continuous glassfiber reinforced polypropylene. The reason for the lower weld strengths of the T joints relative to the butt weld joints can be attributed to the lower matrix entanglement and fiber cross-over at the weld zone in the T joints, in addition to the existence of stress concentration at the joints due to the weld geometry. The T-joint weld strength of 34 MPa is higher than the strength of un-reinforced polymer matrix, but still significantly lower than the strength of butt-welded short glass-fiber reinforced polypropylene samples.
Single lap joints using vibration welding tend to have mechanical performance close to that of molded single lap joints which provide a good base line. Rudolf et al. [11] reported lap joint shear strengths of 26 MPa and 31.6 MPa for glass fabric reinforced polypropylene and glass fabric reinforced polyamide, respectively, which were 73% and 101% of the inter-laminar shear strengths of the parent materials, respectively. The high weld strength could be attributed to the high compaction of fiber layers in the welding zone, which led to a locally higher fiber volume fraction (see Figure 7 ) [7, 11] .
The main advantages of vibration welding are high production rates, relatively short cycle times, ability to weld a number of components simultaneously, suitability for welding small-to-medium sized parts,
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Welded Laminates Figure 7 . Schematic of fiber compaction in the lap joint sample.
Fusion Bonding/Welding of Thermoplastic Composites ability to weld almost all thermoplastic materials including amorphous, semi-crystalline, and crystalline polymers, ease of process control, and insensitivity to surface preparation. However, this technique is not suitable for welding non-flat-seamed parts and causes fiber distortion/displacement at the interface. Finally, machines that can provide a wide range of welding frequencies, amplitudes, and pressures with good control are expensive. Vibration welding has found its main applications in the automotive and domestic appliance industries. Automotive applications include front and rear light assemblies, fuel filler doors, spoilers, instrument panels, ductwork and reservoirs for brakes, power steering, and vacuum systems [12, 15, 16] .
SPIN WELDING
Spin welding is one of the most common friction welding techniques used to weld thermoplastics and filler-reinforced thermoplastic composite components along circular mating surfaces. In this process, one of the parts is fixed while the other is rotationally rubbed against the fixed part under a specific angular velocity and axial pressure (see Figure 8 ) until melting occurs, followed by the cooling and solidification of the polymer.
Similar to the linear vibration welding, this process consists of four phases (see Figure 9 ): I) initial heating, II) un-steady melting and flow, III) steady state flow, and IV) solidification [21] [22] [23] [24] . In Phase I, the heat is generated by friction, which increases the material temperature at the interface. The polymer melts when the temperature at the interface reaches the melting or glass transition temperature, T k , depending on the type of polymer, i.e., amorphous, semi-crystalline, and crystalline. In Phase II, the heating mechanism changes from solid friction to shear dissipation within the molten region. The temperature rises rapidly since the shear and heat generation rates are very high. The molten film is very thin in the un-steady state friction phase. As the molten film thickness increases, some parts of the molten material are squeezed out of the shear zone by the axial pressure. The steady-state flow phase occurs when the heat generation and loss at the interface reaches a state of equilibrium. During this phase, the molten layer has constant thickness and temperature, T, with a significant temperature gradient through the thickness. Attaining the steady-state regime provides high weld strength, since an intensive flow is necessary for a good quality weld. In Phase IV, the rotary motion is brought to a stop, either abruptly or gradually. Forging pressure is applied to facilitate the inter-diffusion of the polymer chains, after which the polymer solidifies [21] [22] [23] [24] .
Spin welding can simply be performed with a drill press or lathe machine. In order to obtain better weld quality, the amount of energy transmitted to the parts must be carefully controlled [25, 26] . This can be achieved using a spinning flywheel, which can be adjusted to a specific angular velocity [15, 16] . More complex machines can be designed to control different aspects of the welding process. Figure 10 shows a schematic of a typical spin welding machine (e.g., lathe machine) [26] . Two specimens are placed on two chucks. One of the samples is placed on the fixed chuck and the other on the rotational chuck, which has rotational and translational motions. The samples are brought in contact (using translational motion) under spin pressure, which is provided with a rotary motor.
Phase II Phase III Phase IV Figure 9 . Spin welding process [21] [22] [23] [24] .
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When the thermoplastic polymer is in a molten state and a polymer film is created, the machine is stopped and an axial or forging pressure is applied. Finally, the polymer solidifies, resulting in a weld.
The main process parameters in spin welding are welding velocity, welding pressure, forging pressure, and welding time. The effects of each parameter are similar to the ones presented for the vibration welding. The welding time depends on the welding pressure and welding velocity. At the optimum welding pressure and velocity, the temperature rapidly reaches a steady-state phase, under which a high-quality weld can be obtained. The weld strength of spin-welded parts directly depends on the duration of the forging pressure. The welding strength decreases when the forging pressure is not applied for a long enough time. This is due to stress relaxation in the weld, when the forging pressure is removed, which causes reduction in the entanglement of molecular chains and consequently the weld strength. For joining thermoplastic polymer parts, the rotational linear speeds ranging from 1 to 20 m/s, friction pressures from 80-150 kPa, forging pressures from 100-300 kPa, and welding times from 1 to 20 s have been reported to result in high-quality parts [14, 22, 24, 27] .
The advantages of spin welding are high weld quality, simplicity, speed, and reproducibility [24] . In most cases, little surface preparation is necessary. This method is most suitable for circular components. Orbital welding [25] can be used in the case of non-circular components, however the process is much more complex than spin welding although the principle is the same. One of the constraints of spin welding is non-uniform heat distribution at the circular bonding interface of solid parts. Since the temperature distribution depends on relative linear velocity, i.e., V ¼ R Â !, maximum heat is generated at the outer edge in the solid parts. The results would be residual stress at the welded zone due to non-uniform heat distribution on the interface [26] . Therefore, hollow sections with thin walls Figure 10 . Typical schematic of the spin welding machine [26] .
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are more suitable to weld with this technique. Spin welding is mainly used to join thermoplastic polymer parts such as sealing water-filled compasses by spinning the cover onto the base while the base is immersed in a fluid, manufacturing of floats and aerosol bottles, and attaching studs to plastic parts [15, 16] . Spin welding has the potential to weld thermoplastic composite parts and it is believed that this is a suitable technique to weld together thermoplastic composite tubes or tubes to flat plates.
ULTRASONIC WELDING
Ultrasonic welding is a process that uses a high frequency, i.e., ultrasonic, mechanical vibration to weld parts. The parts to be welded are held together under pressure and then subjected to a high-frequency vertical or parallel oscillation, depending on joint geometry, to transmit vibrations through the material. The heat is generated by a combination of surface and intermolecular friction in the material. Asperities, known as energy directors or susceptors, are pre-molded onto the part to initiate heating at the joint interface, since vibrational energy concentrates at these surface asperities. Figure 11 depicts different designs for energy directors. Once the temperature at the energy directors reaches the melting temperature, it flows under the application of pressure. The flowing polymer wets the interface and diffusion and entanglement of polymer chains occur across the interface, thereby resulting in a weld [28] .
The ability to weld two components using ultrasonic welding depends on material properties, joint design, welding frequency, and welding amplitude [29, 30] . Ultrasonic welding can be applied to amorphous or semi-crystalline thermoplastic polymers more effectively than that to crystalline polymers. For amorphous and semi-crystalline thermoplastic polymers, the weld occurs between the glass transition temperature and the melting temperature, whereas for crystalline thermoplastic polymers, the weld occurs at the melting point. It is known that a crystalline polymer solidifies or melts quickly as the temperature of the thermoplastic polymer goes below or above its melting point, respectively. The resulting rapid solidification of crystalline polymers prevents interface wet-out, causing brittle welds [30] . At butt joints and lap shear joints, the ultrasonic vibration occurs perpendicular to the contact areas (see Figure 12) [4, 30, 31] . Figure 11 . Different designs for energy directors [14] .
Energy Directors
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The joints are designed to contain energy directors, usually rectangular or triangular in shape, to melt and flow through the interface in the presence of applied pressure. In the shear joint design, the ultrasonic vibration is parallel to the mating surface, and heat generation occurs mainly with frictional (shear) forces at the interface (see Figure 12 ) [4] . Figure 13 shows a schematic of the ultrasonic welding machine. The system consists of a power supply, a piezoelectric or magnetostrictive transducer, a booster, a horn, a substrate, and a support base or anvil. The oscillations are generated by applying electrical power at high frequency to the piezoelectric or magnetostrictive material, which is mounted between two blocks of metal (converter). Since these oscillations are very small, the booster is connected to a converter to increase the amplitude. The boosted vibration is transferred to the horn, which is in contact with the top surface of the substrate over the weld area (see Figure 13 ) [30] , and consequently to the weld interface. The pressure is applied on the substrate through the horn. The ultrasonic system is relatively easily automated and is particularly suitable for high-volume production. Ultrasonic welding can be performed at various distances of the horn from the weld interface ranging from a fraction of a millimeter up to several centimeters. With proper design of fixtures, ultrasonic welding can be used in joining of large parts. The main processing parameters for ultrasonic welding are welding pressure, welding amplitude, welding time, and welding frequency. The pressure provides better energy transfer and melt-flow at the interface and improves the weld strength [32, 33] . An increase in welding time increases the energy dissipation in the weld and consequently improves the weld strength up to an optimum value [32, 33] . Above the optimum welding time, a large amount of flashes are formed and polymer chains are oriented in the direction of polymer flow, thus weakening joint performance. Also, increasing the welding amplitude enhances the weld strength since the energy dissipation increases in the weld.
Benatar [28] showed that the ultrasonic welding process model could be divided into five steps: (1) mechanics and vibration of the parts, fixture, and welder, (2) viscoelastic heating due to intermolecular friction, (3) heat transfer from energy directors to the composites, (4) flow of the molten energy directors and wetting of the composite surfaces, and (5) intermolecular diffusion of polymer chains across the interface and their entanglement [28] . The ultrasonic welding process model shows the potential for on-line monitoring of joint quality through measurement of the dynamic mechanical impedance of the parts during welding. It was shown that when the molten fronts of energy directors meet, the dynamic impedance of the composite interface rapidly increases. Weld strengths of PEEK/graphite and J polymer/graphite parts have been reported [2] . Weld strengths of 74 MPa and 62 MPa were obtained for ultrasonically welded PEEK/ graphite and J polymer/graphite parts, respectively. These were compared with the strengths of compression-molded parent materials, i.e., 92 MPa and 72 MPa, respectively [2] .
Sequential and scanning ultrasonic welding were applied to large specimens and both methods were successful in welding of PEEK/graphite and J polymer/graphite with a relative weld strength equivalent to 80% of the strength of the parent materials [2] . Ultrasonic welding can also be employed for far-field welding, where the horn is more than 6 mm away from the weld interface. In this process, the strength of the joint depends on the material, the geometry of the parts, the distance between the horn and the interface, and the dynamic impedance of the fixture and the base or anvil [32] .
Four modes of failure have been reported for ultrasonically welded lap shear joints [33] . Weld interfacial failure shows the lowest strength and the failure occurs at the neat resin energy director interface with no evidence of fiber pull-out. Secondly, inter-laminar failure in combination with interfacial failure shows intermediate strength. The fracture surface exhibits some fiber pull-out. Thirdly, inter-laminar failure, which shows the highest strength and for which failure occurs at one layer above or below than the energy directors. The fourth mode of failure is coupon failure. In this case, the weld does not fail but the coupon fails because of extreme fiber damage during welding. The design of energy directors can be adjusted to improve the quality of the weld. It has been reported that semi-circular energy directors provide higher joint strengths as compared to those obtained with triangular and rectangular energy directors, due to better interface wet-out and polymer flow [33] .
Ultrasonic welding is a fast and clean process, and usually produces welds that are relatively free of flash. The main disadvantages of this technique are the difficulty of providing ultrasonic energy directors on sheet components and the consequent risk of fiber disruption at interfaces under the high oscillation motion. Another difficulty in ultrasonically welding thermoplastic composites is conduction of heat by graphite fibers away from the bonding surface, which leads to a long welding time [34] . The size and power of a welding machine also limits the area that can be bonded in one operation. Ultrasonic welding is mainly used in automotive parts, floppy disks, medical devises, and battery housings. This process has great potential for spot welding of thermoplastic composite parts, particularly in aerospace applications.
FRICTION STIR WELDING
Friction stir welding was first developed in 1991 to weld aluminum alloys [35] . Later, it was successfully applied to metal matrix composites and thermoplastic polymers [35] . In this technique, the parts to be welded are placed firmly together (parts 1 and 2). A head-pin (HP) of a rotating metal tool drills and plunges into the parts at joint line till the tool shoulder sits on the top surface of the parts. Then rotating metal tool drives along the joint line (see Figure 14) . The height of the HP depends on the thickness of the parts to be welded. The frictional work generated by rotation of the metal tool shoulder and the HP converts to heat and causes softening or melting of the material at either side of the joint line. As the tool translates along the joint line, softened polymer is stirred and forged behind the trailing face of the HP, where it consolidates, thereby resulting in a weld [36] . Friction stir welding can also be produced where the relative motion between the metal tool and the parts to be joined is in a linear reciprocating fashion [37] . A crude analogy to this process is observed sometimes when cutting a piece of thermoplastic polymer with a saber saw [37] . At the right processing condition, the oscillating motion of the blade melts the polymer on either side of the blade. The molten polymer flows together under applied pressure. The result will be a weld behind the blade.
Friction stir welding has great potential for welding particle-filled thermoplastics or short-fiber reinforced thermoplastic composites. The potential for using friction stir welding to weld continuous fiber reinforcement thermoplastic composites requires further investigation. Although fiber breakage at the weld zone can occur, a strong and reliable weld may be obtained due to the formation of a short fiber-reinforced thermoplastic composite at the weld area. It should be noted that the reported maximum strengths of welded parts (butt and T welds) using other fusion bonding techniques were somewhat lower than that of the un-welded short fiberreinforced thermoplastic composites with a large amount of scatter. However, it seems that fiber breakage at the weld line could be controlled by careful design of the metal tool such as adjusting the diameter of the tool shoulder and HP and controlling the rotational and translational speeds of the metal tool. It is believed that friction stir welding of thermoplastic composite structures deserves more research and investigation. Successful development in this area could have a great impact in fusion-bonding technology.
Thermal Welding
The second class of fusion bonding is the thermal welding. This two-stage technique consists of an external heating stage and a forging stage. An external heat source applies heat directly to the individual bonding surfaces Tool Shoulder Figure 14 . Schematic view of the friction-stir welding process [35] .
Fusion Bonding/Welding of Thermoplastic Composites to melt the matrix. Then, the heat source is removed and the bonding surfaces are brought in contact under the forging pressure. Thermal welding can be divided into hot-tool (plate) welding, infrared welding, hot gas welding, extrusion welding, and laser welding. Thermal welding has limitations in terms of size of components that may be welded since the entire welding surfaces must be heated in a single stage. This technique normally requires a long heating period as well as a high welding pressure to consolidate the polymer.
HOT-TOOL (PLATE) WELDING
In hot-tool (plate) welding, a heated plate is clamped between the surfaces to be welded to melt the interfaces. Then, the hot-tool is withdrawn and the surfaces are brought together in the presence of applied pressure until the thermoplastic polymer solidifies. Figure 15 shows a schematic of the hottool welding. Figure 16 shows the variation of pressure with time during the welding process [13] . The surfaces to be joined are heated to the melting temperature by direct contact with the heated tool under application of pressure. The pressure is maintained until the thermoplastic polymer begins to soften and flow laterally (Phase I). Then, the pressure is reduced to obtain an increasing molten film at the surfaces to be joined (Phase II). When a sufficient molten film thickness is achieved, the parts are separated from the hot-tool (Phase III) and brought back together by controlling the welding pressure to solidify (Phase IV).
The main processing parameters for hot-tool welding are meltdown (thickness of molten material) and welding penetration. The meltdown thickness has a lesser effect on weld performance. However, the weld strength is sensitive to the welding penetration. The shorter the welding
Molten Interface
Molten Interface penetration, the higher is the weld strength for different meltdown thicknesses [13] . A maximum butt weld tensile strength of 29 MPa was obtained for specimens made of random long fiber-glass mat polypropylene composites. This was 42% of the strength of the parent material, i.e., 69 MPa, and comparable to the strength of the un-reinforced material. It should be noted that the welding penetration has a direct relationship with welding pressure. The influence of welding penetration on the mechanical performance of the weld can also be explained through a typical stress-strain curve for a hot-tool welded specimen (see Figure 17 ) [13] . Samples with low welding penetration have high strength because the fibers remain mainly in the direction of the load path. Brittle behavior and little to no fiber pullout Fusion Bonding/Welding of Thermoplastic Composites are observed in this case. This is due to a lack of strain necking of the specimen at the weld. The specimen with a high welding penetration shows low strength and ductile behavior, since fibers are re-oriented along the direction perpendicular to the load path. With increasing welding penetration, most of the fibers are oriented perpendicular to the load path, therefore no load can be carried by the fibers at the weld, as a result of which the weld shows very low weld strength. When the matrix material fails, many fibers still span the crack, causing long fiber pullout at the weld interface and promoting ductile behavior. Welding time depends on the size and thermal conductivity of the parts. For small parts, the welding time is typically in the range of 5-60 s, and for large parts, it is in the range of 30 min. Hot-tool welding was applied to APC-2/AS4 thermoplastic composite and lap shear weld strengths of 85% of that of the parent material was reported using a plate temperature of 375 C and a welding time of 2 min [38] . There are several advantages with this technique. Dissimilar thermoplastics can be welded, the temperature of the molten interfaces can be accurately controlled, surface inaccuracies can be taken into account during the process, and it can handle complex geometries. However, its use is limited since the melted polymer has a tendency to stick to the hot-tool. Sticking can either create strings of polymer material that end up in the product or tear out/deform sections of the melted polymer that produces gaps in the bond line. Non-stick materials can be applied to the hot-tool, but they tend to break down at high temperature. This temperature limitation is an issue for materials with high melting temperatures [4] . Hot-tool welding has applications in the automotive industry. It has been used to join plastic battery cases, fuel tanks, and fuel pipes. Infrastructure applications, such as gas and water distribution, sewage and effluent disposal pipes, have also used hot-plate welding extensively [15, 16, 29] .
INFRARED WELDING
In contrast to hot-tool welding, infrared welding is a non-contact welding technique. Infrared welding can be divided into three processing steps [39] : 1) infrared heating of the interface, 2) change-over, and 3) joining and cooling under pressure (see Figure 18) . The surfaces to be bonded are heated through exposure to intense infrared radiation produced by high-intensity quartz lamps [8] . Once the polymer is melted, the infrared heater is removed and the parts are pressed together until the polymer solidifies [8] . Figure 19 shows a schematic of the infrared welding technique. Figure 20 depicts the schematic of a typical infrared welding machine [25, 40] . The infrared heaters are placed on a reciprocating arm that can have translational motions. The heaters travel along surfaces to be bonded Figure 20 . Schematic of the infrared welding machine [25, 40] .
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Joining and Cooling Heating Time Figure 18 . Variation of pressure with time in the infrared welding process [39] .
Molten Interface
Molten Interface P P P P Focused Infrared Heat Source Welded Interface Specimens Figure 19 . Schematic of the infrared welding technique [39] .
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and apply a precise amount of heat to the bond surfaces. The temperature of the bonding surfaces increases gradually each time the heaters pass. The temperature of both bonding surfaces can be measured using on-line temperature sensing devices that are placed on the reciprocating arm. After the temperature reaches the optimum processing temperature, the heaters are withdrawn and the parts are pressed together until the matrix solidifies. Swartz and Swartz [40] performed infrared welding on simple and complex joint configurations, such as spot welds, three-dimensional welds, and continuous welds. In preliminary experiments with lap shear joints, using APC-2/AS4 thermoplastic composite, weld strength of 36.3 MPa was obtained [40] . This was 40% of the strength of the compression-molded lap shear joint. It was argued that this process could lead to precise, repeatable, and consistent weld strength [40] . Chen et al. [39] investigated the effect of welding parameters such as heating time, change-over time, and forging pressure on polypropylene polymer butt-welded parts. It was shown that increasing the heating time enhances the weld strength until an optimum value is reached. Similar trends could be observed for the effect of welding pressure on weld strength, for different welding times. Increasing the change-over time increases the cooling time, therefore, reducing the thickness of the molten polymer film resulting in lower weld strength. Similar behavior from these processing parameters can be expected in infrared welding of thermoplastic composite materials.
Infrared welding is a fast process and can be used to join a combination of flat and curved parts. With this technique, strong welds can be obtained and it has the capability to be automated. Also, process parameters can be well controlled and monitored. The main disadvantage of this technique is possible deconsolidation and warpage of substrates during the heating process.
HOT GAS AND EXTRUSION WELDING
Hot gas welding of thermoplastics is somewhat similar to gas welding of metals, except that the open flame is replaced by a stream of hot gas [15, 16] . In this technique, the bond surfaces are melted with the hot air/gas stream, then, the thermoplastic filler rod is pushed into a groove cut between two sheets, as in a butt weld, and is heated until it softens enough to fuse the surfaces under pressure. Figure 21 shows a schematic of the hot gas welding technique. This technique may not be suitable for lap shear joints.
Extrusion welding is similar to the hot gas welding except that the molten filler material is extruded into the joint [41] . Hot gas is still needed to heat the interfaces. Hot gas and extrusion welding are flexible techniques and each requires simple and portable equipment, and can be used for fabricating large and complex parts. However, these techniques are slow processes, difficult to control, and not suitable for high production rates. Hot gas and extrusion welding are used for welding polyolefin tanks and repair of thermoplastic containers [15, 16, 29] . Hot gas and extrusion welding are mostly applied to thermoplastic parts and have the potential to weld particle-filled thermoplastic or short fiber reinforced thermoplastic composites.
LASER WELDING
Most laser welding applications are limited to metals [42] . However, laser beams can also be used to weld thermoplastic polymer and even thermoplastic composite parts [43] . Figure 22 shows a schematic of the laser welding of two thermoplastic polymer parts. The two parts are pressed together as the laser beam passes along the bondline. The laser beam decomposes (burns) some of the polymer along its path but leaves behind a thin layer of molten polymer at the bond line, which under pressure are brought together to solidify, thereby resulting in a weld [15] .
Laser Beam
Bond Line Pressure Pressure Figure 22 . Schematic of the laser welding.
Filler rod Hot air/gas Filler rod P P Molten Polymer Figure 21 . Schematic of the hot gas welding technique.
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Material properties, laser characteristics, and welding time influence the laser welding process. Laser welding of polymer depends highly on radiation absorption characteristics of the polymer [44] . To control the conversion of laser radiation to heat, pigments or additives can be used. For example, in laser transmission welding, the joining parts are fixed and pressed tightly together [45, 46] . The laser beam transmits through one of the joining part, which is usually a transparent material, and is absorbed at the top surface of the second joining part which is usually a non-transparent material or is pigmented with special ingredients, such as carbon or absorbing dies. By heat conduction, the interface is heated and the thermoplastic polymer is melted. Then, the parts are pressed together and welded (see Figure 23 ). This technique can be used for lap joint type welds.
Laser welding is known as a fast, clean, and non-contact process [47] . The main obstacle in using laser for welding thermoplastic polymers is the high intensity of laser beams, which very quickly decomposes (burns) the thermoplastic polymers even at low laser power levels. The thermomechanical behavior of polymers is different from metals [48] . Metals have clear phase transformations at certain temperatures, going from the solid to a liquid phase and subsequently from the liquid phase to a vapor phase. Thermoplastic polymers start softening, at glass transition temperatures, beyond which their viscosity slowly decreases up to the melting point. Furthermore, at high temperatures, molten thermoplastic polymers decompose or burn rather than vaporize [48] .
The use of laser radiation for welding of thermoplastic polymers appears to be limited since less-expensive alternative welding techniques are available in most cases. The main advantage of using laser radiation in metalworking is the ability to provide a highly concentrated energy over a very small area. The boiling point of metals may be reached in a few tenths of a millisecond. This shows that the effective laser temperature is well above a few thousand degrees Celsius. Owing to the low heat diffusivity of thermoplastic polymers as compared to metals, thermoplastic polymers will be heated much faster than metals. Therefore, there is an acute problem of defocusing the laser beam far enough or scanning it fast enough to reduce its intensity to prevent decomposition of thermoplastic polymers.
Polymer laser welding has been applied in automotive industry [46] . Laser radiation has been used to manufacture thermoplastic composite structures using laser-assisted thermoplastic composite tape/tow winding which involves in-situ melting and solidification of the thermoplastic composite matrix [49] [50] [51] during the process of manufacturing a part.
Electromagnetic Welding
The last class of fusion bonding is the electromagnetic welding technique. This technique consists of molding opaque powders or inserts such as iron oxide, stainless steel, ceramic, ferrite, and graphite, into the polymer matrix between the parts to be joined. A high-frequency magnetic field causes the magnetic materials at the weld interface get hot and start melting the surrounding polymer. Then, the molten polymer at the interface starts to diffuse under the application of pressure to form a bond [14, 25] . Types of electromagnetic welding techniques include induction welding, dielectric welding, microwave welding, and resistance welding.
INDUCTION WELDING
In induction welding, heat is supplied to the thermoplastic polymer by an implant or susceptor positioned in a high-(radio-) frequency electromagnetic field in the range of 200-500 kHz. The implant is made of ferromagnetic materials and conforms to the shape of the bond area. The implant can be in the form of foil-like tape or micron-sized particles molded in the polymer. An electromagnetic coil generates a magnetic field and induces eddy currents within the implant, where the heating occurs by resistance heating. The increasing temperature of the implant brings the surrounding polymer to the melting temperature. The joint is pressurized until the thermoplastic polymer solidifies, resulting in a weld. Figure 24 shows a schematic of the lap shear joint using induction welding.
The induction machine consists of a generator or power supply, an induction coil that transmits the magnetic field to the weld area, a placement nest to place the part and the coil, and an implant or welding material [52] . The coil is made of copper and must be water-cooled. In order to have an adequate polymer flow and consolidation, the implant typically contains some polymer, such as polymer-impregnated metal mesh, or an extra layer Fusion Bonding/Welding of Thermoplastic Composites of polymer [53] . The key to successful bonding is to have a uniform temperature distribution in the bond area during the induction bonding. Uniform temperature distribution in the bond area depends highly on the design of coil and the implant configuration [52, 53] . The uniformity of the magnetic field depends mainly on the coil design. Figure 25 shows the basic designs of coils [52] . A single-turn magnetic coil has a magnetic field around the inner diameter, a multi-turn coil has an extended magnetic field for more remote weld areas, and a pancake coil is mainly used for heating large flat areas.
Yarlagadda et al. [53] studied the effects of a metal mesh implant design on heating distribution during induction bonding of thermoplastic composites. By selective removal of segments from the uncut mesh, the resultant heating pattern and temperature distribution was made more uniform, resulting in better weld quality [53] . Lin et al. [54] developed a working induction heating model, which was capable of predicting relative heat generation pattern in graphite/thermoplastic composites. The model predicts heat generation pattern as a function of coil position and shape. It also predicts hot spots due to edge and notch effects, can handle complex non-rectangular 2-dimensional samples, demonstrates the effect of electrical anisotropy on the heating pattern, and simulates some 2-dimensional coils, such as a solenoid using multiple planar coils [54] .
Induction Coil
Implant / Susceptor Pressure Figure 24 . Schematic of the lap shear joint induction welding.
Single-turn Multi-turn Pancake Figure 25 . Different coil design for the induction welding [52] .
High temperature and long welding time can reduce weld performance since the polymer is degraded and squeezed out from the joint [55] . Low temperature and short time produce insufficient flow across the bond, resulting in low weld performance. Therefore, optimizing welding time and temperature is essential to obtain a high-quality weld [56] . Carbon fiber implant can be used to heat the polymer at the bondline. However, it is difficult to concentrate the heat at the bondline if the laminates or adherends have the same electrical resistance as the carbon fiber implant. To solve the problem, carbon and graphite fiber mats with a high electrical resistance can be used as the implant to concentrate the heat at the bondline. This mechanism depends highly on fiber-to-fiber contact quality and fiber orientation within the material so that an electrical current loop can be formed [3, 54] . Border and Salas [56] investigated induction welding on graphite/PEEK composites without metal susceptors. A lap shear strength of 48.2 GPa was obtained.
Induction welding is a fast and clean process. It can be applied to complex geometries with irregular contoured surfaces [4, 15] . In this process, the weld can be re-opened by induction re-heating which makes it possible to open an assembly for internal repair, part replacement, and repair defective welds [57] . The main drawbacks of this process are high cost of the insert materials, non-uniform heat distribution at the bondline, and difficulty of welding large parts [16] .
DIELECTRIC WELDING
In dielectric welding (also called radio-frequency welding) an intensive electromagnetic field, in the MHz frequency region, is applied directly to heat the polymer [15, 16, 25, 37] . Polymers with a high dielectric loss factor coefficient convert some of the field energy to heat during changing of the field polarity. The intense field is applied to the polymer by two electrodes that are pressed against both sides of the parts to be joined. Figure 26 shows a schematic of the dielectric welding. The key parameter in dielectric welding is the coefficient of dielectric loss factor, which is a material Fusion Bonding/Welding of Thermoplastic Composites property. Materials with a high dielectric loss factor coefficient generate more heat than those with a low dielectric loss factor coefficient. Polymers such as polyvinyl chloride, polyurethane, and polyamide have high dielectric loss factor coefficient and materials such as polythene, polypropylene, and ABS have very low coefficient of dielectric loss factor [58] . The quality of the weld is a function of dielectric power source, thickness of the part, area of the welded part, material property, welding time, and welding pressure [58] .
The main problem in this process is bulk-heating of the joint elements. Joint elements with high dielectric loss factor exhibit higher temperature increases than the bondline [59] . In the case of thermoplastic composites, the entire joint elements under the electromagnetic field are brought to the melt temperature, and this generally implies the need for tooling to maintain pressure on the joint area to prevent de-consolidation. One way to avoid melting of entire joint elements under the electromagnetic field is to place a thin layer of polymer between the joint elements with a higher dielectric loss factor than the joint elements. During this process, the thin layer of the polymer with high dielectric loss factor reaches its melting temperature before de-consolidation occurs at the joint elements. It should be noted that dielectric heating is increased when the thickness of the joint elements decreases or the thickness of the bondline increases [59] . As a result, this technique is more suitable for thin thermoplastic composite structures. Also, the type of fiber reinforcement affects the dielectric welding process. For example, graphite fiber reinforcement increases the conductivity of the composite parts and supports only weak electromagnetic fields [2, 60, 61] . This makes joining of carbon fiber reinforcement thermoplastic composites using dielectric welding difficult.
Dielectric fields are commonly applied for heating and melting thermoplastic and thermoset curing as well as for adhesive curing of bonded joints. The main application for this process is in medical equipment such as sealed bags. The ports for entry into the sealed bags can be made in one to several seconds depending on the material, film thickness, and weld area [15, 16] .
MICROWAVE HEATING
In microwave welding, a thin layer of electromagnetic absorbent material is placed between the joint elements in the presence of welding pressure and then intense microwave energy in the GHz region is applied. The microwave energy induces a temperature increase in the electromagnetic absorbent material and consequently the electromagnetic absorbent material conducts heat to the joint elements and bondline, creating a molten layer of polymer at the interface. The electromagnetic absorbent material can be heated with different mechanisms including eddy current, hysteresis, or dielectric loss [62] . Figure 27 shows a schematic of the microwave welding process [37] .
Continuous microwave welding can be used for butt-welding of joint elements with low, medium, and high dielectric loss factors using focused microwave energy [63] . A typical schematic of the set-up is shown in Figure 28 . Joint elements with low-to-medium dielectric loss factors require no electromagnetic absorbent material in the bondline. The temperature of the bondline increases and reaches the melting temperature of polymer as the bondline passes underneath the focused microwave energy. Meanwhile, localized fusion occurs in the presence of pressure, resulting in a weld [64] . Joint elements with high dielectric loss factor require electromagnetic absorbent materials at the interface. Under focused Microwave Oven Figure 27 . Schematic of the microwave welding [37] .
Fusion Bonding/Welding of Thermoplastic Composites microwave radiation, the electromagnetic absorbent materials absorb microwave energy more rapidly than joint elements, and then evaporate, and leave a localized melting zone at the bondline. The fusion bonding occurs in the bondline in the presence of pressure, resulting in a weld. Materials and solvents with OH, CO, NO, and NH bonds are typical electromagnetic absorbent materials [64] . During the welding process, some of these materials evaporate and some remain in the weld area. Microwave welding is a clean and fast process. In the presence of sufficient electromagnetic absorbent material at the interface, the part can be disassembled by microwave re-heating [65] . The temperature distribution at the joint depends on the electromagnetic absorbent material and the oven configuration. This limits the size of the parts that can be welded [15, 16] . Also, the joint strength decreases with the amount of conductive polymer remaining at the interface after consolidation [66] . The main concern in welding composite structures using this method, especially for graphite-reinforced composites, is the shielding effect of fibers to the electromagnetic field at microwave frequencies (i.e., 1 to 100 GHz) [67] . The shielding effects are due to reflection and absorption of the radiation within the top layers of multidirectional composites [60] . This causes bulk heating of joint elements. However, Varadan and Varadan [62] reported that by adding the electromagnetic absorbent material at the interface, a good quality weld could be obtained and suggested microwave heating as a potential solution for repairing composite structures.
RESISTANCE WELDING
Resistance welding uses an electrically resistive element or implant, such as metal mesh or carbon strip, between the joint elements. An electrical current is applied to the resistive implant to increase the temperature of the implant due to resistance heating. The temperature of the implant increases at the interface, melts the polymer around the implant, and creates a weld under the application of pressure. Figure 29 shows a schematic of the resistance welding process [14, 68] . Resistance welding can be used to weld most thermoplastic-based materials. The process is reasonably fast, simple, cheap, and clean. This process can be applied to large structures [69] and to those that do not involve a closed-loop weld joint. Since the implant remains in the bond, material compatibility between the implant and joint elements is important. To obtain a good quality weld, the resistance of the heating element should be determined so as to adjust the level of power input during the process [70] [71] [72] [73] . Also, controlling the heating/cooling rates improve the weld quality and mechanical performance of the weld [71] . Insulation of the resistive implant from conductive material will assist in providing a good-quality weld. This can be achieved by placing layers of thermoplastic polymer films between the implant and joint elements. The polymer films act as insulators, and facilitate melt flow in the bondline, prevent current leakage, preferential heating, and consequently provide better weld quality [70] [71] [72] . Figure 30 shows a schematic of the typical resistance-welding set-up [16, 73, 74] .
Resistance welding has great potential for welding high-performance continuous fiber thermoplastic composites especially for aerospace applications. The welding process can be conducted under constant load control or displacement control [70, 71, 73, 74] . Thermal insulation, input energy, welding time, fiber orientation, and type of heating element are the parameters that influence the quality and performance of the resistance welded parts. Thermal analysis can be used to determine thermal insulation, input energy, and heating time for sufficient heating at the interface to ensure a high-quality bond [75] . Good thermal insulation and a correct amount of input energy can reduce the welding time and enhance weld quality [75] . Fusion Bonding/Welding of Thermoplastic Composites Don et al. [73, 76] showed that a lap shear joint of APC-2/AS4 obtained with a PEI/(APC-2/AS4)/PEI heating element (Thermabond [77] ) required shorter time as compared to lap shear joining using a PEEK/(APC-2/AS4)/ PEEK heating element. Also, no fiber motion occurred at the weld interface, when using the Thermabond arrangement. During the joining steps, the amorphous PEI film is fused at a temperature above its glass transition temperature, i.e., T g ¼ 215 C, but below the melting temperature of the semicrystalline PEEK polymer, T m ¼ 343 C, thus avoiding any deterioration of the bonded structures [78] [79] [80] . Using PEEK/(APC-2/AS4)/PEEK as a heating element in the joint results in almost the same weld strength as the joint obtained with the Thermabond heating element, but a longer welding time is required and there are signs of fiber motions at the interface. The weld strengths of both joints approached the compression molding base-line of APC-2/PEI, i.e., 43.6 MPa [73, 76] . Also, using a stainless steel mesh yields welds with negligible fiber disturbance and consistently high failure strength as compared to that obtained with prepreg heating elements. However, the main disadvantage of using a metal mesh is the potential corrosion of the implant [81, 82] . Fiber orientation also has an influence on the welding time and input energy, since the thermal conductivity of the part will be changed by fiber orientation [75, 83] .
McKnight et al. [69] investigated scaling issues in resistance welding of a joint overlap made of APC-2/AS4 using a Thermabond heating element. It was found that a multiple-step or sequential resistance welding technique gave rise to higher weld uniformity and better lap shear strength than a singlestep welding technique [69] . The problem of non-uniform heating was minimized and a maximum lap shear strength of 28.7 MPa was obtained. For the single-step technique, the weld strength was 17.7 MPa [69] . Also, it was observed that more modest pressure and weld power were required for the sequential welding technique than for the single-step welding technique [69] . These findings demonstrated the great potential of the resistance welding process for welding large structures having high quality and performance.
Instead of using continuous power during the process, the power can be applied in the form of intense pulses. This process is called impulsive resistance welding. The method requires less energy to melt the matrix due to lower heat losses. Also, the melting effect (overheating) on the free laminate surfaces is diminished [84, 85] . Arias and Ziegman [84] reported a lap shear weld strength of 72.4 MPa for APC-2/AS4 parts using PEEK/ (APC-2/AS4)/PEEK heating element. The shear strength of the parent material was reported to be 81.2 MPa. Arias and Ziegman [84] employed impulsive resistance welding to successfully join a rib to the skin of an aerodynamic spoiler part, however, mechanical performances were not reported.
The failure of a resistance-welded joint can be dominated by one of the following failure modes: interfacial failure, cohesive failure of the heating element, tearing of the heating element, and tearing of the laminate [74] . In the interfacial failure mode, the laminate is separated from the heating element due to lack of consolidation over the joint area [74] . This gives rise to poor weld performance and can be the result of insufficient input energy or poor quality of the heating element. In cohesive failure, the failure occurs through the heating element [74] . This causes low weld strength due to de-consolidation in the heating element during the welding operation. The heating element tearing failure mode occurs when there is a jump in the failure path from one side to the other side of the heating element, which causes tearing of the heating element with a large amount of energy dissipation (leading to a high weld strength) [74] . When the failure occurs within the laminate, mainly within the heat-affected zone, the highest weld strength is obtained [74] .
Resistance welding has found applications in automotive industries [15, 16] and has been applied to weld vehicle bumpers and other parts and to weld plastic pipes, containers, and medical devices. Also, it has shown great potential for welding thermoplastic composite parts. It is believed that the combination of sequential resistance welding and impulsive resistance welding as one welding system can provide a high-quality weld for large aerospace structures and replace traditional techniques such as adhesive bonding and mechanical fastening. However, this has yet to be demonstrated.
OTHER TECHNIQUES
Other joining techniques are available for joining thermoplastic composite structures that require bulk heating of the part. Co-consolidation is an ideal joining method in that no weight is added to the final structure, no foreign material is introduced at the bondline, essentially no surface preparation is required, and the bond strength is potentially equal to that of the parent laminate. However, the entire part is brought to the melt temperature, and this generally implies the need for complex and costly tooling to maintain pressure on the entire part to prevent de-consolidation [3] .
Dual resin bonding or amorphous bonding, involves co-molding an amorphous thermoplastic film to a semi-crystalline thermoplastic matrix laminate prior to bonding as in the Thermabond process [80] , in which, e.g., a PEI film is coated onto APC-2 laminates. The characteristics of the interlayer polymer allow for joining of components at a temperature below the softening/melting point of the reinforced polymer without significant loss in mechanical performance. However, this technique still requires bulk heating of adherends.
CONCLUSIONS
Three classes of fusion-bonding techniques, i.e., friction welding, thermal welding, and electromagnetic welding, for joining thermoplastic composite parts were presented. In the friction welding class, vibration welding is found to be suitable for welding small and flat parts. The cost of equipment is high but the technique can provide good weld quality. Spin welding is appropriate for welding of cylindrical parts or welding tubes to flat surfaces. Ultrasonic welding can be used for welding small areas but requires surface preparation, such as adding man-made asperities through molding. This technique can be effectively used for spot welding of thin structures. Friction stir welding is a novel technique that has not yet been applied to advanced thermoplastic composite structures and the use of this process to join advanced thermoplastic composite materials needs to be investigated.
In the thermal welding class, hot-plate and infrared welding techniques are suitable for joining thermoplastic composites. These techniques can provide good quality parts. However, special care has to be taken to avoid deconsolidation and warpage of substrates during the heating process. Although these techniques can be employed for both flat and curved surface, the size of welded parts is a limiting factor. Hot gas and extrusion welding are found suitable for welding thermoplastic parts. Laser welding has great potential for welding of thermoplastic composite parts. However, the problems of defocusing the laser beam far enough or scanning it fast enough to reduce the beam intensity to prevent decomposition of thermoplastic polymer and cost are still limiting factors.
In the electromagnetic welding class, induction welding is found suitable for welding complex structures while allowing the re-opening of welds for internal repair or part replacement. The key to obtaining a good quality weld strongly depends on the design of coil and the implant configuration, which can be adjusted to provide uniform temperature distribution in the bond area. High-frequency welding such as dielectric and microwave welding can be used for complex geometries. However, these techniques are not suitable for conductive materials since they have a tendency to heat up the entire part. Furthermore, a controlled environment is required for these techniques, e.g., microwave welding must be performed in a closed shielded container. Resistance welding is suitable for low-cost welding of small and relatively large flat or curved areas. However, special care must be exercised during welding conductive composite parts to avoid undesirable power leakage, deconsolidation, and warpage at the weld interface. Both metal mesh and carbon strip can be used as heating elements and can provide good quality welds.
It has been shown that fusion bonding is a promising technique for welding thermoplastic structures. The strength data available in the open literature are mostly limited to a short-term static load such as lap shear strength and most of the studies have been performed at the coupon level and very little work has focused on welding of large-scale parts. Several techniques, such as resistance welding, induction welding, and vibration welding provide strong weld and others, such as infrared, microwave and dielectric welding, have shown great potentials to produce high-quality welds. The effects of processing parameters are reported to have significant effects on weld performance. It was also shown that none of these techniques could be applied to all kinds of components and materials. It is believed that a combination of these techniques can cover a wide range of applications, and can decrease manufacturing, assembling, and repair costs, significantly.
